The electron-proton collider HERA has allowed the study of the partonic content of the proton in regions of Q 2 up to 50,000 GeV 2 and values of Bjorkenx down to 10 −5 . This paper presents recent precision measurements of structure functions and hadronic final state observables which test QCD over this wide region of phase space.
Introduction
Deep-inelastic lepton-nucleon scattering experiments have traditionally shed light on the nature of the partons within the proton and the strong QCD interactions between them [1] .
The ep scattering experiments H1 and ZEUS at the HERA facility at DESY have continued this tradition and have made precision measurements of both the inclusive ep scattering cross-section and features of the ep-induced hadronic final state. The theory of perturbative QCD, as implemented in the DGLAP [2] parton evolution equations, has been successful in describing these measurement at higher values of Q 2 (above ≈ 100 GeV 2 ). However, the DGLAP equations resum terms in ln(Q 2 ) and ignore terms in ln(1/x) which are expected to become important in the lower Q 2 , low x domain (x ≤ 10 −3 ) [3] . Furthermore, gluon recombination effects may also be visible in the low x domain [4] .
In a complementary way, the hadronic final state from ep collisions also offers a rich testing ground of QCD. High transverse momentum jet and particle production particles directly probe pQCD processes and reveal the partonic structure of the proton and photon. Hadron properties at low momentum are sensitive to the hadronisation process and can thus be used to assess the environmental dependence of fragmentation and test non-perturbative QCD models of hadron production.
This paper presents precision measurements of the proton structure F 2 and of hadronic final state observables.
2 The Proton Structure Function F 2 and the Gluon Momentum Distribution xg(x) of the Proton
The reduced ep scattering cross-section σ r can be written as a function of F 2 and F L .
This quantity is dominated by the contribution from F 2 and F L only plays an important role at large values of the inelasticity y =
2 ) have been made by the H1 [5] and ZEUS [6] collaborations. The ZEUS results are shown in figure 1 and compared with earlier fixed target data. The classic scaling violations of F 2 are exhibited via the strong dependence on Q 2 for a range of fixed x values. The low x behaviour of F 2 is dominated by quark anti-quark pair production arising from the gluon content g(x) of the proton which, within the DGLAP formalism, is given by
. QCD fits based on DGLAP evolution using the HERA data and the fixed target data are also shown. The fit describes the data well over several orders of magnitude in x and Q 2 . In the region of kinematic overlap the independent measurements from fixed target experiments and the ZEUS data agree well. Using these precision measurements of the ep scattering cross-section and within the DGLAP formalism the gluon momentum distribution xg(x) has been derived [7] . The dependence of xg(x) on x for different values of Q 2 is shown in The values of F L (x, Q 2 ) increase towards low x, consistent with the QCD calculation which reflects the rise of the gluon momentum distribution. The values of F L were experimentally determined for Q 2 < 10 GeV 2 following a procedure involving fitting straight lines in lny to the derivative ∂σr ∂lny in order to estimate the contribution from the behaviour of F 2 to the reduced cross-section. For Q 2 > 10 GeV 2 , the NLO QCD fit in the low y domain (y < 0.35) is used to estimate F 2 in the high y region and thus extract F L .
The Rise of F 2 Towards Low x
As mentioned in the introduction, the low x dependence of F 2 may be directly sensitive to any new physics which may be evident in this region of high partonic density [4] . Fits of the form F 2 (x, Q 2 ) = c(Q 2 )x −λ(Q 2 ) were made to the H1 structure function data [8] . Λ 2 ] with co-efficients a = 0.0481 ± 0.0013(stat) ± 0.0037(syst) and Λ = 292 ± 20(stat) ± 51(syst) MeV.
H1 Collaboration
Below the deep-inelastic scattering region, for fixed Q 2 < 1 GeV 2 , the simplest Regge phenomenology predicts that F 2 (x, Q 2 ) ∝ x −λ where λ = α pom(0) − 1 ≈ 0.08 [9] . An extrapolation of the function λ(Q 2 ) from the QCD fit gives a value of 0.08 at Q 2 = 0.45 GeV 2 . 
Forward π 0 Production
The presence of particles with large values of transverse momentum (p T ) is indicative of a hard partonic sub-process and thus can be used to directly test pQCD calculations. It was therefore suggested that measurements of the forward π 0 cross-section could help to resolve one of the open questions at HERA: how do partons evolve from the proton ? Parton evolution based on the DGLAP [2] equations successfully describes all inclusive measurements of the proton structure function F 2 . However, this scheme sums terms in ln(Q 2 ) and ignores terms in ln(1/x) which should play a significant role in the low Bjorken-x domain opened by HERA and therefore BFKL [3] evolution which, conversely, sums terms in ln(1/x) is expected to become applicable. Although measurements of F 2 offer no discrimination between the two schemes, the different dynamical features of the two approaches suggests that the hadronic final state may offer a means of observing BFKL effects. DGLAP evolu-tion imposes a strong increasing ordering on k T , the transverse momentum of the emitted parton and a weak decreasing ordering in the fractional momentum x of the propagating parton as the "ladder" develops away from the proton. However, BFKL evolution imposes a strong ordering in x and no ordering in k T , allowing partons to take a "random walk" in k T and thus would give rise to more high momentum parton emissions than from DGLAP evolution. It would then be expected that measurements of particle production in the region associated with this parton ladder would be sensitive to evolution effects. In fact, a series of hadronic final state measurements on transverse energy flow and jet and particle production in the forward (ie close to the proton) direction have already been made. A recent highlight of these works is the measurement of high p T π 0 mesons [10] . These are made for π 0 mesons with values of transverse momentum in the photon-proton hadronic centre of mass system of p T > 2.5 GeV. Values of the polar angle, θ, measured with respect to the incoming proton direction in the laboratory system were restricted to 5 0 < θ < 25 0 and the laboratory system π 0 energy scaled by the incoming proton energy (x π = E π /E proton ) was required to be greater than 0.01. The deep inelastic scattering (DIS) kinematic range in Q 2 and the inelasticity variable, y, was restricted to 2 < Q 2 < 70 GeV 2 and 0.1 < y < 0.6. Figure 4 shows the forward π 0 cross-section and as a function of Bjorken-x for three different intervals of Q 2 . The cross-section rises towards low Bjorken-x for each of the Q 2 ranges. Calculations based on DGLAP evolution from the proton alone fail to describe the data. Partonic structure can also be assigned to the resolved photon thus allowing DGLAP evolution from the photon and the proton. Calculations based on this picture are also shown [13] and they come close to the data although these fail at the highest measured of Q 2 . Calculations based on the CCFM equation which should interpolate between the DGLAP and BFKL regimes describes the data only in the highest Q 2 interval.
It is the author's opinion that the next step for these analyses must be the exploitation of the full ep event information. One such proposed analysis is using multi-particle correlations which are directly sensitive to the presence or absence of strong k T ordering in parton emissions [14] . The H1 and ZEUS experiments are strongly encouraged to pursue this.
Summary
Results on deep-inelastic ep scattering cross-sections in the low x regime at HERA have been presented. Perturbative QCD calculations based on DGLAP evolution have been tested against precision results on proton structure functions and found to describe the data over many orders of magnitude in the kinematic variables x and Q 2 .
